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16 Abstract 


The objective ot the Core Compressor Fxlt Stage Study Program Is to 
develop rear stage blading designs that have lower tosses in their end- 
wall boundary laver regions* This report describes the test data and 
l»er tot mane e remit.' a tor the baseline cent tgurat ton consisting of Rotor A 
running with Stator A* The overall technical approach In this efficiency 
Improvement program ut Hires Cenetal Fleet tic’s hew Speed Research Com- 
pressor as the principal Investigative toot* Tests were conducted in 
two wavs: 1 1 1 using tout identical stages of blading so that test data 
would be obtained In a true multistage environment and (?1 using a single 
stage ot blading so that comparison with the multistage test results could 
be made. 
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2,0 INTRODUCTION 


Recent prel iroinnry design studies of advanced turbofan core compressors 
(Reference 2) have indicated that such compressors must have very high effi- 
ciencies, ns well as the advantages of compactness, light weight, and low 
cost, in order for advanced overall engine/aircraft systems to have an im- 
proved economic payoff. Loss mechanism assessments, such ns those of Refer- 
ence 3, suggest that approximately half of the total loss in a multistage 
compressor rear stage is associated with the end-wall boundary layers. Since 
only a relatively small amount of past research has been dedicated to the 
problem of finding improved airfoil shapes for operation in multistage com- 
pressor end-wall boundary layers, it is believed that substantial improvements 
in that area are likely. Accordingly, a goal of a 151 reduction in rear stage 
end-wall boundary layer losses, compared to current technology levels, has been 
set. The Core Compressor Exit Stage Study Program is directed toward achiev- 
ing this goal. Blading concepts that offer a promise of reducing end-wall 
losses relative to a baseline design have been evaluated in a mult (stage en- 
vironment. The test data and performance results for this baseline blading 
are described in this report. 


3.0 TEST APPARATUS AND PROCEDURE 


3.1 LOW SPEED RESEARCH COMPRESSOR TEST FACILITY 

The Low Speed Research Compressor (LSRC) facility is designed to provide 
aerodynamic data on the performance and flow details of multistage axial flow 
compressors. The facility is generally used to determine the aerodynamic be- 
havior of subsonic axial flow compressors where the flow characteristics are 
largely viscous or Reynolds number related and are not predominantly compres- 
sibility or Mach numbe. related. Although considerations of stage matching 
or choke margin cannot be '*-udied in the LSRC, fundamental aspects of turbo- 
machinery aerodynamics, such •*« airfcil surface boundary layer development and 
secondary flow or leakage flow effects, have been studied in the LSRC for the 
past 20 years. In effect, the LSRC duplicates many of the essential features 
of a small, high-speed compressor flow field in a large, lov-speed machine 
where very detailed investigations can be conducted with conventional instru- 
mentation and where the flow field can be observed directly by the use of tuft 
or flag probes inserted into the flow stream through a transparent casing. 

The LSRC configuration for these tests, shown schematically in Figure 1, 
is a four-stage compressor having a constant casing diameter of 1.524 m (60 
in.) and a radius ratio of 0.85. The axis of rotation of the compressor is 
vertical, and the flow enters from the top through a calibrated bellmouth/ 
inlet system which filters and measures the flow. A bullet nose was inserted 
in the bellmouth to reduce the area of the flow measurement plane to a level 
slightly larger than the constant annulus area of the compressor stages. Con- 
vergence was selected to produce the largest dynamic head possible in the 
bellmouth and still allow a small amount of acceleration forward of the inlet 
guide vanes (IGV's) in order to reduce the wall boundary layers entering the 
compressor. After passing through the blading, the air is exhausted into a 
room on the lower floor of the building. ihe compressor exhaust system con- 
sists of a large, circular throttle plate that can be raised or lowered to 
increase the compressor back pressure by varying the exit area. The throttle 
is shown at its two extreme positions in Figure 1. The facility is driven 
from below by a 400-hp steam turbine. Rotative speed of the compressor can 
be controlled to within ±0.5 rpm. Power input to the compressor is deter- 
mined by a strain gage-type torquemeter in the drive shaft between the gear- 
box and the lower main bearing. A photograph of the LSRC is shown in Figure 2. 

A detailed cross section of one stage of the 0.85 radios ratio LSRC test 
vehicle is shown in Figure 3. Shrouded stators are used. Stator vanes and 
shrouds are mounted in casing rings that can be rotated about the axis of the 
compressor using screwjack actuators. This enables the vanes to be moved 
past fixed instrumentation in order to give the capability for performing a 
circumferential traverse with every instrument in the test vehicle. 

The airfoils are 11.43 cm (4.5 in.) in span and approximately 9 cm (3.5 
in.) in chord - large enough that 'lade edge and surface contours can be 
closely controlled during manufacture. The blades and vanes are constructed 


3 


f>la8 ‘i c ra ? teri *l 8 that are molded in hi R h pressure dies so 

a£ L* U ^«? n t lnR ?! lf0nn w ty achieved - *»• blades are hydraulically smooth 
at the test Reynolds number, baaed on tip speed and blade chord of 360 000 

Refolds numbers ^ this magnitude are high enough to be above the critical 

:tTJ f °l, COa?r r 0r and ' can provide a reasonable eiiuU- 

tion of the performance of highspeed compressors* 

The average rotor t ip-clearance-to-blade-height ratio was 1.36% and the 
average stator seal-clearance-to-b lade-height ratio was 0.78%. Circumferen- 
tial groove cat»mg treatment was applied over the tip of only the first rotor 
to assure that Stage l would not be the stal l-limit ing blading. 


3.2 TEST STAGE 


lhe baseline Stage A is a low speed model of Stage 7 of the 10-staee 
* . P*; e88u ™ ratio AMAC study compressor whose preliminary design study was 
»a!T^ under Contract IIAS3- 19444 (Reference 2). Hie low speed modeling 
was accomplished by modifying the camber line of the low speed airfoil sec- 
tions so that the dimensionless suction surface velocity distributions of 
the low speed sections were similar to those of Stage 7 of the AMAC compres- 
sor. The baseline Rotor A consisted of airfoil sections having modified cir- 
srlr/r mea "\ l T a c nd . cl c Tcular arc thickness distributions. The baseline 

buHon l^dir^ °- a ! rf ° U 8ectil ? ns having a 65-series thickness distri- 
bution on modified circle arc moan lines. An IGV was designed which gave the 

required preswu l to the fluid entering the first rotor in order to achieve 

FlZctr It irv r-— ln 88 f, ' w 8ta ' es as Poetical. Standard General 
Electric IGV design practices were employed. The details of the baseline 

StagOfA design and the IGV design are presented in the Design ^port Uefer- 


A photograph of the assembled tour- 
and a photograph of an assembled Stator 


stage Rotor A is shorn in Figure 
A ring is shown in Figure 5. 


A, 


3.3 INSTRUMENTATION 


The instrumentation used at various locations in the compressor is pre- 
sen e in Table l. Standard total pressure rakes and wall static pressure 
t ps were used to obtain overall pressure rise in the compressor. Airflow 

a st ZZTn , T" K * Callbrat * d be l Imouth , and work input was obtained using 
.train gage torquemeter . The torquemeter was calibrated using weights and 
a torque arm. The compressor was run without blading in orderfomeasure 

tart U rque and, thus, to obtain corrections for windage and bearing friction 
as a function of rotative speed. ng rricClon 


In addition, the following 
tailed measurements of the flow 


instrumentation was used to provide more de- 
field within the compressor: 




A rotating total pressure rake 
rotor wake of the test stage. 


was used to define accurately the 
Tins rake, shown in Figure 6, is 


mount ml on ih,> rot at inn bub and can he traversed across one blade 
pitch. Tlie pressures are read by a pressure transducer inside 
the rotor assembly, and the electrical signal is led out by a slip- 
ring. The blading shown in this photograph is from another pro- 
gram. 

• Static pressure taps located on the blade and vane surfaces were 
used to determine the distribution of static pressure on the suc- 
tion and pressure surfaces. Blades instrumented to yield these data 
are shown in Figure 7. In Figure 7 the blades are sealed on the 
pressure side at the hub so that no flow can leak from the pressure 
surface to the suction surface. The locations of the surface static 
taps are given in Table 2. For rotors, the pressures are read by a 
pressure transducer/slipring device. 

• Fast-response hot-film anemometers were located in an axial line 
aft of the four rotors in an attempt to detect the inception of 
rotating stall. 

• Single-element transverse probes were used to obtain total pres- 
sure, static pressure, and flow angle measurements. The flow angle 
measurements were made using flag (tuft) probes which aligned them- 
selves to the flow direction when immersed in the flow field. The 
value of the flow angle was determined by using a telescope/cross- 
hair 'ighting device attached to a protractor. 

The data recording and analysis procedures are automated. Pressures 
are measured using Bell & Howell Model No. 09384 low-pressure-range trans- 
ducers having an accuracy of ±0.025% of the full-scale (12.44 kPa, 50 in. 

H 2 0) reading. The transducer is calibrated using a micromanometer. The 
data are automat ical ly recorded in a time-sharing computer data file by an 
automated data controller* 


3*4 TEST PROCEDURES 


The overall test program was divided into four parts as outlined in 
Table 1. The first part involved extensive testing of the baseline blading, 
Stage A (Rotor A/ St at or A), in both four- stage and s ingl e- stage configura- 
tions. These test results are the subject of the present report. The second 
part involved a series of short screening tests to select the best rotor de- 
sign and the best stator design based upon tests in four-stage configurations. 
These test results can be found in Volume III of this series. The third part 
involved e\ tensive testing of the best rotor and best stator designs in combi- 
nation using a four-stage compressor configuration. Those test results can be 
lound in Volume !V. The final part of the test program will consist of exten- 
sive testing ot a new Kotor C design in a four-stage configuration with Stator 
B. Results ot the test will be reported in Volume V. 

After an initial shakedown test, three separate tests were conducted 
using Stage A blading. First, a four-stage configuration using the third 
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Hinge an the tost Hinge underwent extensive tenting. Hus became the base- 
line configuration and the dntn obtained are outlined in Table 3, Item IB. 
Second, a single-stage configuration, using the third stage of the four-stage 
configuration discussed above as the test stage, was tested. A major objec- 
tive of the single-stage testing was to determine, by comparison with the 
multistage test results, the effect that these differences have on overall 
and blade element performance and, thus, to assess the rationale for utiliz- 
ing data from single-stage tests in the design of multistage compressors. 

The data obtained r~is shown in Table 3, Item IC. Since the IGV's were set 
during the shakedo.n test to give the same level of air angle as measured at 
the inlet to Rotor 3 in the multistage test of this blading near design-point 
operation, the single-stage testing was done at inlet air angles comparable 
to those in the multistage environment. Thivd, a four-stage configuration, 
using the first stage as the test stage, was tested; the data outlined in 
Table 3, Item 10, were obtained. The identical blading was used as the test 
stage in Items IB, IC, and ID. 

Right typos of data were taken during the testing phase: stall-determi- 

nation data, preview data, standard data, casing treatment data, Reynolds 
number data, blade surface pressure data, blade element data, and detailed 
wall boundary layer data. A description of each of these types of data is 
presented below. 

Stall-determination data yield the stalling throttle setting by observ- 
ing the sudden decrease in the static pressure rise across the compressor at 
stall and listening for the onset of rotating stall. Preview data provide 
stage characteristics and efficiency measurements based on casing static 
pressure rise, measured airflow, and measured torque. Standard data provide 
compressor performance based on mass-averaged total pressure rise from Rotor 
1 inlet to Stator 4 exit, measured airflow, and measured torque. Casing 
treatment data provide a means of assuring that the first stage was not the 
stall-limiting stage, Reynolds number data are used to establish performance 
trends versus Reynolds number as an aid in extrapolating the test data to the 
somewhat higher Reynolds number levels of engines. Blade surface pressure 
dat * provide a means of determining regions of favorable leading edge loading 
( incidence) , rates of diffusion, and regions of separated flow on the airfoil. 
Blade element data give blade element performance and stage vector diagram 
quantities based on total pressure, static pressure, and flow angle measured 
in a matrix of circumferential and radial locations across a blade pitch. 
Sufficient data are obtained to define the wake. Measurements are taken at 
the rotor inlet, rotor exit, and stator exit of the test stage. Detailed 
wall boundary layer data consist of total pressure, static pressure, and flow 
angle measurements as close as 1% of blade heigh, to either end wall. Evalua- 
tion and comparison of all these data from the varicus configurations have 
provided a means of assessing the effectiveness of the particular design 
approaches employed for reducing losses in the end-wall region. 


<> 


3.5 DATA REDUCTION 


The data analysis procedure*! follow'd in reducing test data have been 
described in detail in a Data Analysis Plan prepared under this contract. A 
brief stsnmary of these procedures is presented in the following: 

• Airflow measurements are based on a calibration of the large bell 
mouth in which measurements of bellmouth and bullet nose static 
pressures were correlated with airflow. This calibration was based 
upon detailed radial and circumferent ial traverses of total and 
static pressure measurements in the bellmouth including boundary 
layer surveys. 

• Power input to the compressor is measured by using a calibrated 
strain gage torquemeter and applying tare-torque corrections for 
windage and bearing friction* 

• The environmental conditions are calculated from measured values 

of wet and dry bulb temperatures and barometric reference pressuris- 
ing standard equations. 

• All pressures are converted to standard units by appropriate con- 
version factors and normalized. The pressures after normalization 
arc in the form 


p Absolute " P REF 


(O 


Normal ized 


1 n 2 

2 P RF.F t 


The pressure coefficient, ♦ * , is computed from 




AjU isen) 

i t , 2 

2 t 


( 2 ) 


where isentropic enthalpy rise is determined from measured pressure 
rise using standard thermodynamic relationships. Expanding these 
relationships in a power series to obtain pressure rise, AP, rother 
than pressure coefficient, and rearranging the resulting equation, 
yields the pressure coefficient in the form 


H- * 


AP 
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Kor preview data, I he pressure rise is ilotonnimnl from the casing 
hi (it it pressure measurement . Kor standard data, the pressure ride 
in determined from mass-averaged total pressure measurements. 

Plow coefficient, ♦ , is computed from 


W 


PAU. 


( 4 ) 


where W is the measured airflow, p is the average of the inlet and 
discharge density, and A is the annulus area of the compressor. 


The work coefficient, ♦, is computed from 


1 °reA ♦ "t* 


(5) 


where T is the measured torque corrected for windage and bearing 
friction, and $ is obtained from Equation 4. 

The torque efficiency is the ratio of the isentropic enthalpy rise 
consistent with the pressure rise divided by the total enthalpy 
delivered to the compressor, 




( 6 ) 


The relative total pressure data obtained by using the rotating 
total pressure rake is reduced by using the following equation 



which is based on the assumption that the fluid in the pressure 
lines has constant density Pggp and rotates at the wheel speed. 

* 

The l os s coefficient | u>, in computed from the following equation 


\\ . - \\ , 
u tn Smt 

>7- - *V 

1 in 


u> « 


( 8 ) 


Loss coefficient* for the stators are obtained by subtracting the mea- 
sured absolute total pressure at the stator exit from the measured absolute 
total pressure at the stator inlet. These measurements are taken in a matrix 
of radial and circumferential locations sufficient to define radial varia- 
tions and to define the wake. Circumfcrr tial average values of pressure arc 
computed. The loss coefficients for the .Jtors are then obtained by subtract 
ing the measured exit relative total pressure from an estimate of the inlet 
relative total pressure. This estimate Ip obtained by averaging the three 
highest relative total pressures measured at the exit plane. 

Theoretical velocity distributions along the suction and pressure sur- 
faces of the blades and vanes in the Low Speed Research Compressor are com- 
puted by using the Cascade Analysis by Streamline Curvature (CASC) computer 
program discussed in Reference l for operation near the design point. In 
order to compare these CASC distributions with experimentally measured dis- 
tributions, one must calculate the velocities on the blade and vane surfaces 
from the static pressures measured on these surfaces. 7 equation which 
relates the normalized velocities and the measured pressures is 



(9) 


where the nonsubscr ipted variables indicate blade surface conditions, the 
subscript indicates upstream conditions, F 0 is a compressibility correc- 
tion (which was taken as unity since the Mach number was so low), and total 
pressure is assumed constant. For each radial immersion where comparisons 
were made, the blade surface static pressures, Pg, were obtained from 
experimental measurements. Hu* total pressure used in Equation 9 was that 
value which made the minimum velocity ratio on the pressure surface as com- 
puted from the measured data equal to the minimum velocity ratio on the ^ 
pressure surface as computed by CASC. Although this technique for obtain- 
ing total pressure does not provide valid comparisons of velocity magnitude 
between the CASC results and the experimental results, it does provide com- 
parisons of the shape of surface velocity distributions that are useful in 
diagnosing differences in incidence angle and regions of flow separation. 


4.0 RESULTS AND DISCUSSION 


Test results for the baseline stage consisting of Rotor A running with 
Stator A are presented and discussed in the following paragraphs. 


4.1 SHAKEDOWN TEST 

A shakedown test was conducted on a four-stage configuration using Rotor 
A/Stator A blading. The purpose of this test was to verify the mechanical 
integrity of the new hardware and to determine if the inlet guide vanes (IGV's) 
and stator exit swirl angles were in reasonable agreement. 

The first test run confirmed the mechanical integrity of the test vehicle. 
The mechanical operation of the rig was quite smooth and no difficulties were 
encountered . 

Testing was then conducted to verify that the level of the swirl delivered 
by the IGV was reasonably close to that delivered by the stator vanes. Pre- 
liminary measurements of swirl angles, made at the exit of the IGV and at the 
exits of the stators, are presented in Figure 8. These flow angles were ob- 
tained at a midpassage circumferential position and, therefore, do not repre- 
sent circumferential averaged values. Also, the small correction factor to 
the angles discussed in Section 4.8.1 was not applied to these data. At each 
radial immersion the IGV exit air angle shown in the figure is the average of 
the angles obtained for five throttle settings from wide-open to stall, while 
the stator exit air angles are the values obtained at a flow coefficient of 
0.424, which is somewhat larger than the design flow coefficient of 0.407. 

The data indicate that the average IGV exit swirl angles after correction are 
about 0.8® to 1.0® smaller than the design distribution near the pitch line 
and about 1.5® to 2.5* smaller near 152 and 802 immersion. The IGV exit swirl 
angles begin to increase near the casing, becoming larger than design intent 
in the outer 5% immersion. The stator exit swirl angles agree reasonably well 
with the design distribution from 30% to 90% immersion but become larger than 
design between 10% and 20% immersion, probaely f.*om the effects of secondary 
flow. Based upon these preliminary results, it wcs decided to conduct all 
testing without any changes in stagger angle of the blading. 


4.2 CASING TREATMENT TEST RESULTS 

Tests in which preview data were taken were conducted for three different 
casing treatment window geometries in order to aid in determining the stall 
limiting stage and to select the casing geometrs to be used throughout the 
test series. The results are shown in Figure *». 

Although four identical stages were testeu, the repeating stage environ- 
ment was not established until Stage 2 or Stage 3. It is, thus, very desirable 
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that Stage 1 not ho tho stall-1 uniting blading. In order to make this assess- 
ment, circumferential groove casing treatment was applied over the Stage 1 
rotor tip exclusively. Tho 8.2% improvement in stall margin, shown in Figure 
9 for this configuration, indicates that the first-stage rotor was indeed 
stall-limiting without casing treatment. This stall margin improvement was 
obtained with no measurable change in the rest of the pressure flow charac- 
teristic or in the efficiency curve. Circumferential groove casing treatment 
was then applied over all four rotor tips. The slight additional improvement 
in stall margin shown in Figure 9 indicates that Stage 1 is probably no longer 
stall-limiting when casing treatment is uded. However, there was a loss in 
efficiency and a slight loss in pressure rise with treatment over all four 
rotor tips. Based on these test results, it was decided to conduct all four- 
stage tests in the program with circumferential groove casing treatment over 
Rotor l tip only and smooth windows over the rest of the rotors. 


4.3 OVERALL PERFORMANCE 


The overall performance of the baseline configuration, which consisted of 
Rotor A with Stator A, was determined from preview data and standard data. 
These test data are presented as graphs of pressure coefficient, work coeffi- 
cient, and torque efficiency plotted as a function of flow coefficient. The 
tests were conducted at an average rotor tip-clearance-to-blade-height ratio 
of 1.36% and an average stator seal-clearance-to-blade-height of 0.78%. The 
tost Reynolds number was 3.6 x 10 5 . As discussed previously, casing treat- 
ment was applied over the tip of the first rotor only to assure that Stage 1 
would not be the stall-limiting blading. 


4.3.1 Four-Stage Configuration 

The overall performance of the four-stage Rotor A/Stator A configuration 
is presented in Figure 10 and tabulated in Table 4. The design intent pres- 
sure coefficient of 0.555 has been achieved at the design intent flow coeffi- 
cient of 0.407. At the design pressure rise, the measured efficiency of 0.900 
was equal to the design target. Peak efficiency of 0.9045 occurs at a flow 
coefficient of 0.388, and peak pressure rise occurs at a flow coefficient of 
0.J63. At values of flow coefficient less than 0.363, the pressure flow char- 
acteristic rolls over and flattens out until a crisp rotating stall occurs. 

The radial variation of normalized total pressure at the compressor dis- 
charge is presented in Figure 11. Of particular significance is the weaken- 
ing and eventual collapse of the hub region at peak pressure rise. From 80% 
immersion to the hub, very little increase in total pressure rise has been 
achieved as the compressor is throttled from peak efficiency to peak pressure 
rise. Probing the hub region with tufts indicated that boundary layer sepa- 
ration was occurring on the stator vanes and becoming progressively worse as 
stall was approached. This results in the rollover and flattening of the 
pressure flow characteristic from peak pressure rise to stall, as shown In 
Figure 10. 
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4. 3. 2 Single-fltafte Configuration 

The overall performance of the single-stage Rotor A/Stator A configura- 
tion ia presented in Figure 12. Thi« configuration was tested «^ h °^ c asing 
treatment over the rotor tip in order to make comparisons with the test stage 
(third stage) of the four-stage configuration. The data in Figure 12 »how 
that the single-stage configuration io pumping more flow than the four-stag 
aveJaJe and that the single-stage configuration achieves a higher peak pres- 
sure coefficient. However, the peak efficiency of the 

tion is approximately 2.0 points lower (based on preview data) and 0.8 points 
lower (based on standard data) than that of the four-stage configuration. 


4.3.1 (Vtm pflr ison of Single-Stage and M ultistage Results 

The individual characteristics of the single-stage and four-stage con- 
figurations are compared in Figure 13. For flow coeff^ients above 0.38, the 
single-stage characteristic compares favorably with the first-stage charac 
teristic of the four-stage configuration, although the single-stage 
teristic is not quite so steep at larger flow coefficients. Compared to the 
Stage 3 characteristic of the four-rtage configuration, the 8 ^ n 8j e ; 8 5; 8 * . . 
characteristic has about the same slope but is operating at about 2.5% higher 
flow and about 4% higher pressure coefficients. The 8lg " 1 ^ can ^J f 
in the characteristics occur at flow coefficients below 0.38, Both the sin 
ale stage and the first stage of the multistage configuration achieve sig- 
nificantly higher peak pressures than those of the other stages. This dif- 
ference probably results from the cleaner, more constant inlet conditions at 
the first rotor inlet. During throttling, the first rotor inlet is not 
subiected to the thickened wakes, increased deviation angles, and separated 
flow that the downstream stages feel. Perhaps even more striking is the 
higher pressure achieved by the first stage of the four-stage c ° nflg ^ atlon 
c£p«eS to the single-stage oonf igurst ion. This could result fro. the casing 
treatment or from the stabilizing influence of the downstream stages pulling 
on the first stage of a multistage configuration. 

A comparison of the radial variation of normalized total pressure at the 
compressor discharge is presented in Figure 14 for the single-stage and tne 
four-s tage configurations. Pressures for the four-stage configuration have 
been divided by four in order to make comparisons with the single-stage re 
suits. At both throttles presented, the slngh-Hlnge data exhibits a redial Un 
in total pressure rise at both the tip region (0%-20% immersion) and the hub 
res ion (20%-100% immersion) compared to the multistage results. At the peak 
pressure rise throttle the higher pressure rise achieved by the single-stage 
configuration is evident in the figure. 


4.4 REYNOLDS NUMBER TEST RESULTS 

Tin* essentially incompressible flow in the test compressor allows stage 
performance to be presented as stage characteristics that are independent of 
speed, although there are small variations in performance due to Reynolds 


number. In or<lor to determine these performance variations, a series of pre- 
view data point h wan taken at seven different rotative speeds covering a range 
of Reynolds numbers from 0.94 x 10‘> to 4.00 x 10 r \ The results presented 
in Figures 15 and 16 serve as an aid in extrapolating the test data to the 
somewhat higher Reynolds number levels employed in engines. 


4 * 5 BLADE AND VANE SURFACE STATIC PRESSURE TES T RESULT S 

The measurements of static pressure on tlu blade and vane surfaces are 
presented in Figures 17 through 22 and tabulated in Tables 5 through 10 for 

(1) the four-stage configuration with the third stage ns the test stage, 

(2) the single-stage configuration, and (3) the four-stage configuration with 
the first stage as the test stage. The measured pressures have been normal- 
ized by the dynamic head based on tip speed, 1/2 P REF l?g. Suction sur- 
face measurements are presented as solid lines and pressure surface measure- 
ments as dashed lines. Data were obtained for an open throttle, the design 
throttle, the peak efficiency throttle, the peak pressure rise throttle, and 
the near stall throttle for the third stage, open throttle data were not ob- 
tained for the single-stage test or the first-stage test. 


4.5.1 Four-Stage Configuration (Third Stage as Test Stage) 

The normalized static pressure measurements on the blade and vane sur- 
faces are presented in Figures 17 and 18 and Tables 5 and b, respectively, 
for the four-stage configuration with the third stage as the test stage. 


The rotor data in Figure 17 indicate a uniform diffusion from the loca- 
tion of the peak suction surface velocity (minimum static pressure) to the 
trailing edge for all blade sections and all throttles except the peak pres- 
sure rise and near stall throttles close to the hub (Figures 17d and e, re- 
spectively). In this hub region, evidence of flow separation is seen as a 
distinct decrease in slope of the diffusion rate (static pressure gradient) 
on tlu* suction surface of the blade. For tlu* peak pressure rise throttle, 
this occurs at 70* chord for 90% immersion (Figure 17e) and at about 80% chord 
lor 80% immersion (Figure 17d). For the near stall throttle this distinct de- 
crease in diffusion rate occurs at 50% chord for 90% immersion (Figure 17e) 
and at 60% chord for 80% immersion (Figure 17d). Apparently, flow separation 
on the rotor begins at the hub and moves toward the leading edge and radially 
outward as the compressor is throttled. The increase in leading edge loading 
as the compressor is throttled toward stall is evident at all immersions. 


There is evidence of the effects of secondary flow and tip leakage on the 
suction surface pressure distribution of the rotor over the first 25% of the 
choid (figure 17a). This is seen as an increase in static pressure on the 
suction surface from zero to about 8% chord, followed by a decrease in static 
pressure from 8.. to about 40‘, chord. This same type of profile was observed 
on the suction surface near the tip in Reference 4, although the location of 
maximum static pressure occurred further aft. 


The stator data in Figure 18 suggest that the diffusion pattern on the 
suet ion surface is not as healthy ns that on the rotor. The rate of diffusion 
tends to decrease near the trailing edge indicating boundary layer separation 
may be developing. This flow separation on the suction surface becomes sig- 
nificantly more evident near the hub at the peak pressure rise and near stall 
throttles as seen in Figure 18c through 18e. For the peak pressure rise 
throttle, separation is indicated by the flat static pressure on the suction 
surface beginning at about SOX chord for 95% immersion and at 60% chord for 
80% immersion (Figures 18e and d, respectively). For the near stall throttle, 
separation is indicated at about 20% chord for 95% immersion, at about 35% 
chord for 80% immersion, and at 60% chord for 50% immersion (Figures 18e, d, 
and c, respectively). Probing this region with a tuft probe confirmed the 
presence of large areas of separated flow. Flow separation for the stator 
apparently begins at the inner diameter and moves toward the leading edge and 
radially outward as the compressor is throttled. 

The blade and vane surface static pressure measurements indicate that the 
Rotor A/Stator A four-stage baseline configuration is hub-weak. 


4.5.2 Single-Stage Configuration 

The normalized static pressure measurements on the blade and vane sur- 
faces are shown in Figures 19 and 20 and Tables 7 and 8, respectively, for the 
single-stage configuration. This configuration was run without casing treat- 
ment over the rotor tip so that the stage geometry of the single stage matched 
that of the third stage of the four-stage configuration as closely as possi- 
ble. 

The rotor data in Figure 19 show a uniform diffusion from about 40% chord 
to the trailing edge for all throttles at 5%, 20%, and 50% immersions (figures 
19a, b, and c) . No evidence of flow separation is apparent. However, for 80% 
and 90% immersions, Figures 19d and e, there is a substantial decrease in the 
rate of diffusion for all throttles beginning at about 70% immersion in Figure 
19d and from 50% to 70% immersion, depending upon throttle, in Figure 19e. 
These diffusion rates are clearly different from those shown in Figure 17d and 
o for an embedded stage operating in a multistage environment. This will be 
discussed further in Section 4. 5. A. 

As seen before in Figure 17a, there is again evidence in Figure 19a of 
the effects of secondary flow and tip leakage on the suction surface pressure 
distribution of the rotor over the first 30% of the chord. 

The stator data in Figure 20 indicate that, for all throttles and all 
immersions, there is a continuous diffusion from the point of minimum static 
pressure on the suction surface to the trailing edge, although there is a 
change in the rate of diffusion near the hub. This change in the rate of 
diffusion is most evident at 50% chord for 95% Immersion, Figure 20e, at the 
peak pressure rise/near stall throttle. 


4*5,3 F our -St age Con f igurat io n ( Fi rs t St ago as Test Stage) 

The normalized static pressure measurements on the blade and vane sur- 
faces, presented in Figures 20 and ?1 and Tables 9 and 10 for the four-stage 
configuration with the first stage as the test stage, are qualitatively simi- 
lar to those shown in Figures 18 and 19 for the single-stage eonf igurat ion# 
However, there arc* two regions where the differences are noteworthy. First, 
the rotor hub region for the four-stage configuration/first stage tested 
(Figures 2ld, e) appears to In* stronger than the hub region of the single- 
stage configuration (Figures 19d, e) as evidenced by the difference in the 
diffusion rate. Secondly, the rotor tip region shown in Figure 2la has a 
different suction-surface diffusion rate near stall from about 30% chord to 
60% chord than that shown in Figure 19a, This is probably caused by the 
casing treatment. These differences are discussed in the next section. 

4.5.4 Comparison of Four-Stage and Single-Stage Results 

A comparison of blade surface static pressures for the four-stage and 
single-stage configurations is presented in Figure 23 for the design point 
throttle and the peak pressure rise throttle. For these comparisons the zero 
level of static pressure was taken as the maximum static pressure measured on 
the pressure surface, and the difference, AP, between this zero level and 
pressures at other locations on the airfoil was plotted. The data taken near 
the hub ot the rotor for the single-stage configuration (Figures 23c, d, e, f) 
show evidence of flow separation in the change in slope and in the flattening 
of the suet ion-surface pressure d ist r ibu t ion . This begins at about 80% chord 
in Figure 23c, 70% chord in Figures 23d and e, and 50% chord in Figure 23f. 
Neither of the other two configurations exhibits such a pronounced effect. 
Apparently, the other stages in the multistage configurations have a stabiliz- 
ing effect on the rotor hub. 

At the rotor tip (Figures 23a and b) the loading for both the single- 
stage configuration and the four-stage eonf igurat ion with the f r rst stage 
as the test stage is higher than that of the embedded stage. 

A comparison of the vane surface static pressures for the multistage and 
single-stage cent igurat ions is presented in Figure 24. The data indicate that 
the stator is operating about the same tor all configurations at the design 
point. However, at the peak pressure throttle the stator of both the single- 
stage and first-stage cent* igurat ions is running with noticeably less flow 
separation in the hub (inner diameter region). 

4.5.5 Comparisons with Potential Flow (CASC) Solut ions 

The velocity d istr ibut ions along the suet ion ami pressure surfaces of 
the blades and vanes were computed from the measured pressure d is tr ibut ions as 
discussed in Section 3,5. These velocity distributions were then compared 
with the potential flow CAST distributions. ’Hu* results are presented in 
Figures 25 and 26. The spanwise local ions of t ho CASC calculations did not 
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always coincide with those or the static tees; the CAM immers ions are indi- 
7 „ Z our«.« in .hnnn onnnn. *11 «rn Md. at the .lo.tgn 

point throttle netting. 

Comparisons for the rotor are shown in Figure 2S. The dlf " 

f e r enc e s obs e rv ed on the suction surface near the tip in Vigurt 25a are 
attributed to secondary flow/ tip leakage effects (KotorencoO . The 
surface velocities tend to be low from S«. to about l OX chord and h gh from 
UU to ftOX These velocity perturbations are induced by the tip clearance 
y ' t : ‘" .i J -» ,-lv frni Inn and ion audaco and away fra. « «■ 

L r.ngn'l, inaa audinn-andac.. ydocUy difinainn than .ntnndod. 

Comparisons for the statoi are shown in Figure 2b. Airfoil loading near 
the leading edge is larger than predicted, especially near the end walls, and 
, JXJSv diffusion on the aft portion of the airfoil is less than pre- 
dicted Fvident 1 v the stator is operating at higher incidence angles (leading 
edee airfoil loadings) at the design point than intended. Tins would help to 
explain*^ the large regions of separated flow found on the stator hub as the 
compressor is throttled toward stall. 


.b B1ADK Kl.KMKNT AND WA1.1. BP UNOA KV I. AYKK TEST 


Blade element data and wall boundary layer data provide vector diagram 
quint it ies trom measured values of total pressure, stat ic pressure, and f low 
ancles in a matrix of c ircumt erent ial and radial locations across a blad* 

'pitch The radial surveys ot pressure and How angle, taken between *djaocn 
* U , ,, oi, ol the radial distribution; c ircumt erent ial 

layer data are included in the radial protiles. 


A . b . 1 Four - Stage fon t igurat io n (Third , Fta^jis^fejit .Jttaggj. 
ho8Huros 

,v, ailed surveys ot normalised absolute total and static pressures at the 
third roto! inlet l Plane 1.0). third loto, exit (Plane lA . and th ird s a or 
exit t Plane •♦.O' are presented in Figures 27 through U» and in lahl* 

X ,iu„..i„. «»■ .•••„* ">•■••«*,•. "••• * o-.-m- 

nwl tin- m-iil null 11,1 .'1 11,’. TW >1, 1 1. II',' 
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loss across t In* slat nr. The region ot end-wall loss in the stator Iron OS. to 
;>02 immors ion a..tl I rom 80% to 100'. immersion is evident. The high-loss region 
I rom 60% immersion to the stator huh near stall is particularly noticeable in 
Figure 30. The Kotor A/Stator A coni igurat ion is luih-weak, and this large re- 
gion of separated How exists at the near stall throttle. Those data are in 
agreement with the flattening of the vane surface static pressure measurements 
shown In Figures I8d and 18e for the near stall throttle. 

The static pressure rise across the rotor is seen as the difference be- 
tween the measured pressures in Planes 3.0 and 3.5 and that across the stator 
as the difference between Planes 3.5 and 4.0. This gives a pitch line reac- 
tion at the design point throttle of about 64%. 


Flow Angles 

Detailed surveys of absolute air angles at the third rotor inlet, third 
rotor exit, and third stator exit are presented in Figures 31 through 3b and 
in Table II lor the design point throttle, the peak etlielenev throttle, the 
peak pressure rise throl t le, and the near stal 1 throttle. A small correction 
factor to the flow angles, which is needed because ot the geometry of the mea- 
suring system, was used in the data analysis. This correction would yield 
true flow angles that were about 0.5° larger than observed at 100% immersion 
and about l.l® larger at zero percent immersion. The correction factor to the 
flow angles has not been incorporated into the data shown in the figures but 
|»as been incorporated in the data shown in the tables. The leading and trail- 
ing edge metal angles for the stator are shown in the figures so that the inci- 
dence and deviation angles are easily seen. 

The data in Figure 31 indicate that the design intent swirl distribution 
lias been achieved at the exit plane of the third stator. The increase in in- 
cidence and deviation angles as the compressor s throttled to stall is evi- 
dent in Figures 31 through 34. The deviation angles near the outer diameter 
are lower for Stator 3 than for Stator 2, particularly near stall, perhaps be- 
cause the hub is breaking down in Stage 3, although it is suspected that the 
flow angles in the outer 5% immersion at Stator 3 exit may have been read a 
few degrees low. 


Total Pressure Circumferential Survey and Loss Coelf icients 


Relative total pressure measurements acres 1 a circumferential blade spac- 
ing were obtained at 11 radial immersions using, the rotating rake shown in 
Figure t». Tie results are presented in Figure*. 37 through 40 tor the various 
throttles. The rotor wake is clearly evident e is the increased size of this 
wake near stall, particularly near the hub (Fig. re 40l . An interest ing fea- 
ture ot these c ii cumt erent ial surveys is the • h pe ot the distribution near 
the tip ot the blade. Both the loss legion d< *• to the wake and the loss re- 
gion due to tip c lear ance/secomtary I low el lei > . can be seen. 
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Absolut** total pressure measurements across a circumferential stator vane 
spacing were obtained at 19 radial immersions, including the immersions for 
the boundary layer surveys. Representative samples of these measurements are 
shown in Figures 41 through 44 for 11 of the 19 immersions. The distribution 
of static and total pressures shown in Figures 27 through 30 were obtained by 
computing the average, minimum, and maximum value of pressure shown in Figures 
41 through 44 at each radial immersion. Th<% large stator wakes in the vicinity 
cf the hub near stall are clearly evident. 

These detailed measurements were used to determine rotor and stator loss 
roof! ieients. The rotor loss coefficients computed from the relative total 
pressure measurements are presented in Figure 45 and Table 12. The stator 
loss coefficients computed from absolute total pressure measurements are pre- 
sented in Figure 46. Both are in reasonable agreement with design iutent. 

The total loss shown is the sum of the wake loss, the tip clearance vortex 
loss , free-streaw loss, and miscellaneous losses. The wake loss coefficients 
in Figures 45b and 46b increase substantially between hO". and 1 00".: Immersion 
near stall as the flow separates on the suction surface of the blades and 
vanes. The tip clearance vortex loss is evident from zero to 15% immersion 
in Figure 45c. 


Vector Diagram Quantities 

Complete vector diagram quantities as well as loss coefficients, loss 
parameters, diffusion factors, incidence and deviation angles were computed 
from the quantities measured in tin* absolute frame of reference. The results 
are tabulated in Tables 13 through ill lor the various throttle settings. 

Several of these performance parameters have been plotted as a function of 
percent immersion in Figures 47 through 53. The design point intent is also 
plotted on each figure for reference. In most cases over the midportion of 
the span, the vector diagram quantities computed from measurements are in 
reasonable agreement with design intent for the design point throttle setting. 
The rotor loss coefficients and D-factors and the stator incidence angles are 
somewhat larger than those used in designing the stage. In the end-wall region 
(particularly the outer diameter) the velocities are lower, and air angles, 
incidence angles, deviation angles, losses, and D-faetors are larger than the 
design values. 

The rotor total loss coefficients, computed from measuremens made in the 
absolute frame of reference, are somewhat larger at the design point than both 
the design intent and the loss coefficients computed from measurements made in 
the relative trame using the rotating rake (compare Figures 45 and 49). Since 
the rotor loss coefficients obtained from the relative frame measurements do 
not depend upon inaccuracies in flow angle measurements (particularly in the 
emUwal 1 regions) and in vector diagram calculations, it is believed that they 
are tlu more reliable of the two. Also, the good agreement between the mea- 
sured efficiencies and the design intent efficiency means that the actual loss 
coefficients were close to the design values. Phis lends additional credibil- 
ity to the rotating rake loss coefficients, since those were closest to the 
design intent levels. 
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As the compressor is throttled toward stall, there is a general decrease 
in velocity levels and an increase in air angles, flow turning, incidence 
angles, deviation angles, and D-factors. The region of end-wall flow is dis- 
tinctly defined by the data* 


4.6.2 Single-Stage Configuration 
Pressures 


Detailed surveys of normalized total and static pressures at the rotor 
inlet (Plane 1.0), rotor exit (Plane 1.5), and the stator exit (Plane 2*0) 
are presented in Figures 54 through 56 and in Table 22 for the design point 
throttle, the peak efficiency throttle, and the peak pressure rise/near stall 
throttle* A description of these figures is qualitatively the same as that 
for the four-stage configuration in Section 4*6*1* 

Flow Angles 

Detailed surveys of absolute air angles at the rotor inlet, rotor exit, 
and stator exit are presented in Figures 57 through 59 and in Table 22 for 
the design point and the peak pressure rise/near stall throttles* Again, 
the description of these figures is similar to that for the four-stage config- 
uration in Section 4*6*1* 

Total Pressure Circumferential Surveys and Loss Coefficients 

Relative total pressure measurements across a circumferential blade 
spacing were obtained for the single-stage configuration at 11 immersions 
using the rotating rake shown in Figure 6* These results are shown in Fig- 
ures 60 through 62 for the various throttles* The loss region due to the 
rotor wake and the loss region due to tip c learance/secondary flow effects 
can he seen* 

Absolute total pressure measurements across a circumferential vane spac- 
ing were obtained and the results, including boundary layer surveys, are pre- 
sented in Figures 63 through 65. 

These detailed measurements were used to determine the rotor and stator 
loss coefficients presented in Figures 66 through 68 and in Table 23. The 
increase in loss coefficient due to the tip clearance vortex is obvious in 
Figures 66c and 68b from zero to 15% immersion. 

Vector Diagram Quantities 

Complete vector diagram quantities, loss coefficients, loss parameters, 
diffusion factors, incidence angles, and deviation angles were computed from 
the measured quantities; the results are given in Tables 24 through 19 for 
the various throttle settings* Several of the performance parameters have 
been plotted as a function of percent immersion in Figures 69 through 75. 
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Generally, the discussion follows that of Section 4.6.1, vector diagram juan 
titles for the four-staRe configuration, and is not repeated here. It 
Rioted that a single stage reacts differently to throttling than an embedded 
staje Toucan ieseen by comparing the differences in axial velocities shown 

in Figures 47 and 69. 


4,6,3 Four-Stage Configuration (First Stage as Test Staged 
Pressures 

The detailed surveys of normalized total and static pressures at the 
first rotor inlet, first rotor exit, and first stator exit are presented in 
Figures 76 through 78 and in Table 30 for the various throttle settings. 

Th* description oi these figures is similar to that ot the four-stage con- 
figuration in Section 4.6.1. 


Flow Angles 

The detailed surveys of absolute air angles at the rotor r °5° r . 

exit, and stator exit are presented in Figures 79 through 81 and Table 30. 
T^e description of the figures is once again similar to that given m Section 

4 . 6 . 1 . 


Total Pressure 


The relative total 
spacing, obtained using 
84. 


Circumferential Surveys and Loss Coeff icients 
pressure measurements across a circumferential blade 
the rotating rake, are presented in Figures 82 through 


The absolute total pressure measurements obtained across a circumferen 
tial vane spacing are shown in Figures 85 through 87. 


The rotor/stator loss coefficients shown in Figures 88 and 89 and in Tab e 
31 wore determined from these detailed pressure measurements. The “ n 

of these curves is similar to that presented for the four-stage configuration 

in Sect ion 4.6.1. 


Vector Diagram Quantities 


The complete vector diagram quantities, 
tors, incidence angles, and deviation angles 
quantities. The results are given in Tables 
through 96. The discussion follows that of 


loss coefficients, diffusion fac- 
were computed from the measured 
32 through 37 and in Figures 90 
Section 4.6.1. 


« 


20 


-\\ft \r 


5.0 CONCLUSIONS 


A low speed Aerodynamic scale model of Stage 7 ol the Ill-stage, 21:1 
pressure ratio AMAC study compressor was designed. This scale model, which 
formed the baseline Kotor A/Stator A configuration, was tested tn Genera! 
Plectric *8 Low Speed Research Compressor test facility in multistage and 
sinele-stage buildups. The data show that the design intent pressure coeffi- 
cient of 0^554 was achieved at the design intent flow coefficient of 0.408. 

\\ the design pressure rise, the measured efficiency of 0.900 was equal to 
the design target. Detailed test data were taken to obtain blade element 

performance. 

The data obtained for the Stage A configuration described in this report 
will form a baseline for evaluating new blade and vane shapes that are in- 
tended to reduce end-wall losses. This evaluation will be reported in subse 

quent volumes. 


Symbol 

A 

Alpha 
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Beta 
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C 

cu 

cz 

CASC 

Fc 
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ID 

IGV 

LSRC 

OD 
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PS 

p si 

PTl 

QU 
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Re 
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6 * 0 l ' LST »K SY MBOLS AND ACRONYMS 
Definition 

Annulus area of the compressor 
Absolute air angle 

Advanced multistage axial flow compressor 

Relative air angle 

Stator shroud seal clearance 

Absolute velocity 

Absolute tangential velocity 

Axial velocity 

Cascade analysis by streamline curvature 

Compressibility correction factor 

Aanulus height 

Inside diameter 

Inlet guide vane 

Low speed research compressor 

Outside diameter 

Pressure 

Blade surface static pressure 5 Psurface-iPs+PREp) 
Upstream static pressure 
Total pressure 

Normalizing quantity » 1/2 PREp^t^ 

Radius 

Reynolds number 

Measured torque corected for wind age/ bear ing friction 

Wheel speed at tip 

Air velocity 

Relative velocity 

Relative tangential velocity 

Rotor tip clearance 

Torque efficiency 
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p Dons i t y 

p^ Average density across annulus 

4 Flow coefficient 

4> Work coefficient 

Pressure coefficient 
u Loss coefficient 


Subscript 


B 

C 

H 

ref, REF 
S 
T 
t 

1 

2 

Bi* 

P 2 * 


Barometer 
Cas ing 
Hub 

Re ference 
Static properties 
Total properties 
Tip 

Upstream conditions 
Downstream conditions 
Inlet metal angle 
Exit metal angle 
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7.0 FIGURES 












i ? „re i. Photograph of Potor A Assembly for the Low Spaad Rasaarch Cooprassor 










Static pressure 



figure 7* Rotor Blade with Static Pressure Taps on Suction Surface 













pressure Coefficient, z 1/4 



Efficiency 
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Torque Efficiency, r\ 








Torque Ell iciency 




Pressure Coefficient, 



figure 13, Comparison of Individual Stau. Chanutorist tea for the 
SinuK— Stuno and Four Sta^v Conf inu rat Iona , Rotor A 
Running with Stator A. 
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Hguro 14. Radial Variation of Normal ized Total Pressure 
Including Casing and Huh Normalized Static 
Pressures at the Casing Discharge for Various 
Throttle Settings. 
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Figure 16. Variation ol the Performance of Hotoi 
A/Stator A with Reynolds Number, 
Four-Stage Configuration. 
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Figure 27. Normalized Absolute Total Pressures and Static Pressures for Rotor A/Stator A 
Four-Stage Configuration, Third Stage Tested, Design Point Throttle. 





'iu-- 


! 



Jr. 


Sj 


51 


Figure 30. Normalized Absolute Total Pressures and Static Pressures for Rotor A/ 
Stator A Four-Stage Configuration, Third Stage Tested, Near Stall 

Throttle. 
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Figure 31. Absolute Flow Angles for Rotor A/Stator A Four-Stage Configuration, 
Stage Tested, Design Point Throttle. 
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Figure 33. Absolute Flow Angles for Rotor A/Stator A Four-Stage Configuration, Third 
Stage Tested, Peak Pressure Rise Throttle. 
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Figure 36. Absolute Flow Angles for Rotor A/Stator A Four-Stage Configuration, Third 
Stage Tested. 
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Figuro 38. Cifeumrerontlal Variation of Normalized Relative Total Pressure 
at Rotor Exit, Four-Stage Configuration, Third Stage Tested, 
Peak Efficiency Throttle. 
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Figure 39, Circumferential Variation of Normalized Rotative Total Pressure 
at Kotor Exit, Four-Stage Configuration, Third Stage Tested, 
Peak Pressure Rise Throttle* 
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40. Circumferential Variation of Normalized Relative Total Pressure 
at Rotor Exit, Four-Stage Configuration, Third Stage Tested, 
Near Stall Throttle. 
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Figure 41. Ci rcumi’e ren t iu 1 Variation of Normalized Absolute Total 
Pressure and Static Pressure, Four-Stage Configuration 
Third Stage Tested, Design Point Throttle. * 
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Figure 42. 


Circumferential Variation of Normalized Absolute Total 
Pressure and Static Pressure. Four-Stage Configuration 
Third Stage Tested, Peak Efficiency Throttle. ' 
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figure 44. Circumferential Variation of Normalized Absolute Total 
Pressure and Static Pressure, Four-Stage Configuration, 
Third Stage Tested, Near Stall Throttle. 
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FlBuro 47. Vector Diagram Quantities Versus Percent Immersion. Rotor A/ 
Stator A Four-Stage Configuration, I'hin'. Stage Tested. 
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Figure 48. Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Four-Stage Configuration, Third Stage Tested. 
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* See Figure 45 and discussion In Section 4.6.1 for loss coefficients 
computed from relative total pressure measurements* 


Figure 49. Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Four-Stage Configuration, Thin) Staoe Tested. 
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Figure M) 


Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Four-Stage Configuration, Third Stage Tested. 
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Figure 1 . Vector Diagram ijuantities Versus Percent Immersion, Rotor A/ 
Stator A Four-Stage Configuration, Third Stage Tested, 
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Mgure 5i!. Vector Diagram Quant it ion Versus Percent Immersion, Rotor A/ 
Stator A Four-Stage Configuration, Third Stage Tested. 







Figure 54. Normalized Absolute Total Pressures and Static Pressures for Rotor A/Stator A 
Single-Stage Conf iguration, Design Point Throttle. 
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Absolute Flow Angles for Rotor A/Stator A s *“ g lf"®)'® g ® 
Configuration. Peak Pressure Rise and Near Stall Throttle. 
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Figure 60. Cireumferent lal Variation ol Normalised Relative Total 

Pressure at Rotor Exit, Single-Stage Configuration, Design 
Point Throttle. 
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Serialized Relative Total Pressure 


e . o & , 0 



♦«x <* - e e 


a '?* p 


MN>S ♦<•** UUi ‘ IMN 

tOI V.IM 


«‘l till,'., I’K" SM'k't rtl KOlilR INI t f 

o» -,. rt, i".’i sMiRt ai Rimm mt 

* <. 1 1 > < ; i I’kV MIR I rtt Rl'IOR INIM 

* •.:■•.!! * k i Rl rtl KOHIR I XI I 


mo *n* »oo 


Figure t ?2 


Circumferential Variation of Normall/eil Relative Total 
pressure at Rotor Kxtt , Single-Stage Coni' igurut Ion , 
Peak pressure Rise Noar Stall Throttle. 
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Figure 63. 


Circumferential Variation of Normalized Absolute Total 
pressure and Stutie pressure, Single-Stage 
Configuration, Design point Throttle. 





.t*; 



.. rtroumtorcnt tnl Variation ot Normal Uwl Absolute- Total 
FiRuro or. a- iwl su , tu . rr , Stnttlo-Stntto 
® mm* I Til rot 1 1 C » 


« „n 4 nn 


88 


% * 





normalized lUlttiv* Total Pmturt 













A U 3U 



p, B urc 67. ' Stator Total Loa. Coefficient, tor Rotor A Stator A Slnttlo 
Stone Configuration. 
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Figure 68. Wake Loss Coefficients and Total Minus Wake Loss Coefficient for 
Rotor A/Stator A Single-Stage Configuration. 
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Figure 69. Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Single-Stage Configuration. 
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Figure 70. Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Single-Stage Configuration. 
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* See Figure 66 and discussion in Section 4.6*1 for loss coefficients 
computed from relative totcl pressure measurements. 


Figure 71* Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Single-Stage Configuration. 
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Figure 17 , Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Single-Stage Configuration. 
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Figure 73. Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 
Stator A Single-Stage Configuration. 
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Figure 77. Normalized Absolute Total Pressures and Static Pressures for Rotor A/Stato 
A Four-Stage Configuration, First Stage Tested, Peak Efficiency Throttle. 
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FtRure 78. Normalised Absolute Total Pressures and Static Pressures for Rotor A/ 
Stator A Four-Stage Configuration, First Stage Tested, Peak Pressure 
Rise and Near Stall Throttle. 
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Figure 80 . Absolute Flow Angles for Rotor A/Stator A Four-Stage Configuration, 
First Stage Tested, Peak Efficiency Throttle. 
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Normalised Relative Total Pressure 













Normalized Relative Total Pressure. 
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Figure 


83 . 


Circumferential Variation of Normalized Relative Total Pressure 

at Rotor Kxit, Four-Stage Configuration, First Stage Tested. Peak 
Efficiency Throttle. 
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Normalized Relative Total Pressure 


Percent Circumferential Distance 

M *« «m &o m re >o m 


Percent Circumferential Distance 


3 X 

Zanerslon 


♦ 9 a ? I 


Jp o.S 


lsx [; ; 



sox i * 


ttot . _i not 


’ P tO 30 40 %Q *0 ?0 


i' 90 too 



40 &0 W 70 80 9Q 


tCH: PRESSURE At ROTOR INtET 
“* T ~ TOTAL PRESSURE AT ROTOR EXIT 
~ 4 “ STATIC PRESSURE AT ROTOR INLET 
S'ATIf PRESSURE AT ROTOR EXIT 
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figure H6. Circumferential /ariation of Normalized Absolute Total 
Pressure and Static Pressure, Four-Stage Configuration, 
First Stage Tested, Peak Efficiency Throttle. 


page is 


110 







iv, INI I I ki tMi 1 k‘| N I l *n • , U't{N : t l * < M N ‘ I rti 01 *. »ANi 

*0 4<* **0 ''il *0 Mil 100 0 \ » ,'0 (■> io », ,» i h | / » if i 


v-- # ** 




^MMJ K H II * 


'*'»! fMfli 


N N t» 


H *• W ' 1 wi 






* 0 , 




* » #■» » 


.# - • — + <* # • 






.1, > «*» utmimi'i o* * m v > 

f - ' 'w - — * 


I # 


0 10 *\T 10 40 SO 60 M no to too 

H U1IAI I'RtSM'KI A I MAIO# I Nil I 
O' UMrtl PlttVMt At SIAM# UM 
» AViRAtft Utt»U t'NlSSUK* Ai CIUICI | HI It 
K AtfUAlU UVAl PtffcSStatt At MAUI* till 
AVI l? AW Sl.ttc* r»| *5*i; AT MrtTOt TNl I 
A AvKAot *.« T *, 1 |t* l'«| SSI m At MAUItf Ml 


* i ' ' V 4 » ’<o t*o o r»o 


Ktgmv 8#\ 


Ot reunite rent till Variation ot Normal i/cil Absolute Total 
Pressure ami Static Pressure, lour St n«c Pont t^urat ion 
First Stiitfc Tested, Peak Pressure lit sc Near Stall Throttle 



Immersion, percent 


■•tor tout fa Coomcuni 


iotor tooo Cuorn< u»t 



o OMlftt tout 

° Nl IffUiMfiy 
° ^ ^*WWf ItM 


>otur ***** Itoii tat too* 


Coofflvtoot 



loss Coefficient 


Figure 88 * 


To!;.! Mt’iui iX l^VCr'r! 8 ; l ‘" HH ^fru-iontH, 


■ix, „ 




Figure 89. Stator Total Loss Coefficients, Wake Loss Coefficients, and Total Minus Wake Loss Coefficients 
for Rotor A/Stator A, Four-Stage Configuration, First Stage Tested. 
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Figure 91. Vector Diagram Quantities Versus Percent Immersion, Rotor A / 
Stator A Four-Stage Configuration, First Stage Tested. 






I— •• 




Throttle 


O Ooaign 
A Peak Efficiency 
4 Peak Pressure Rise/ 
Near Stall 


30 10 



INC I m ML E HN5LE. DFU 


DEV1R1 ION RNGie.DEG 


7 * 



0*0 0 


run FltlENT 


dif rn c ,itiN m itit* 


* See Figure 88 and discussion in Section 4.b»l for loss coef f icicnt * 
computed frow relative total pressure measurements* 


Figure Vector Diagram Quantities Vo r huh Perron t Immersion, Rotor A/ 

Stator A Four-Stage Configuration, First Stage Tented. 





Figure l >3. Vector Diagram Quantities Versus Percent Itnmert 'on, Rotor A/ 
Stator A Four-Stage Configuration, First Stage Tested. 
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Figure Vector Diagram Quantities Versus Percent Immersion, Rotor A/ 

B Stator A Four-Stage Configuration, First Stage Tested. 
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Table 2* Location of Surface Static Preafiure 
Tapa on Inatrumented Airfoil r. 


Suction 

Surface 

Distance 

j T«p 

Percent 

From L.E. 

Humber 

Chord (i) 

cm (in.) 

1 

2.5 

0.229 (0.090) 

2 

8.0 

0.726 (0.786) 

3 

13.0 

1.184 (0,466) 

4 

20.0 

1.821 (0.717) 

s 

25.0 

2.276 (0.896) 

6 

30.0 

2.733 (1.076) 

7 

35.0 

3.188 (1.255) 

8 

40.0 

3.642 (1.434) 

9 

50.0 

4.554 (1.793) 

10 

60.0 

5.466 (2.152) 

11 

70.0 

6.375 (2.510) 

12 

80.0 

7.287 (2.869) 

13 

90.0 

8.199 (3.226) 

14 

95.0 

8.654 (3.407) 


PrfU Bvur Surface 
Tap Percent 

Number Choid (X) 


Di stance 
From L.E. 
cm (in.) 


0.229 

(0.090) 

0.726 

(0.286) 

1.821 

(0.717) 

2.733 

(1.076) 

4.100 

(1.614) 

4.466 

(2.152) 

6.375 

(2.510) 

7.287 

U 869) 

8.199 

(3.228) 

8.654 

(3.407 > 


Stater 


Suction 

Surface 

Distance 

Tap 

Percent 

From L.E. 

Humber 

Chord (X) 

cm (in.) 

1 

2*5 

0.198 (0.078) 

2 

8.0 

0.632 (0.249) 

3 

13*0 

1.029 (0.405) 

4 

20*0 

1.580 (0.622) 

5 

25*0 

1.979 (0.779) 

6 

30*0 

2.372 (0.934) 

7 

35*0 

2.76C (1.089) 

8 

40*0 

3.162 (1.245) 

9 

50*0 

3.955 (1.557) 

10 

60.0 

4.745 (1.868) 

11 

70*0 

5.535 (2.179) 

12 

80*0 

6.327 (2.491) 

13 

90*0 

7.117 (2.802) 

\L 

95.0 

7.513 (2.958) 



Pressure 

Surface 

Distance 

Tap 

Percent 

From L*E* 

Humber 

Chord (X) 

cm (in.) 



0 * 

198 

(0.078) 

0* 

632 

(C. 249) 

1 * 

580 

(0.622) 

2* 

372 

(0.934) 

3. 

556 

(1.400) 

4* 

745 

(1.868) 

5* 

535 

(2.179) 

6, 

► 327 

(2.491) 

7, 

► 117 

(2.802) 

7 

*513 

(2.958) 


Radial Location of Pressure Taps 


Immersion 

(in.) frotn Casin 


Percent 
lanersion 
from Casing 
(X) 



Sta tor 
taeriion 

, cb (in.) from Caaiog 

Percent 

laaeraion 
from Casing 
(X) 

1.143 (0.450) 

10 

2.286 (0.900) 

20 

5.715 (2.250) 

50 

9.144 (3.600) 

80 

10.859 (4.275) 

95 













Table 1. Overall Teat Plan Outline. 

1. T«*ta uning 8t«go A Blading (Ruported in Rof. 1) 


A* 8hakcdovn Teat 

5 data point* 

B. 4-Stage Configuration (Third Stage aa Test Stage) 


l« Preview Data 

15 data point* 

2* Stall Determination 

A* appropriate 

3« Casing Treatment Data 

15 data points 

4* Reynold* Number Data 

30 data point* 

5* Standard Data 

4 data point* 

6* Blade Element Data 

4 data point* 

7. Blade Surface Pressure Data 

2 data points 

8. Detailed Wail Boundary Layer Data 

2 data points 

Ca 1-Stage Configuration 


K Preview Data 

15 data point* 

2* Stall Determinat ion 

A* appropriate 

3* Standard Data 

4 data points 

4* Blade Element Data 

4 data points 

Sa Blade Surface Pressure Data 

4 data points 

6* Detailed Wall Boundary Layer Data 

2 data points 

D. 4-Stage Configuration (First Stage as Test Stage) 


l* Blade Element Data 

4 data points 

2, Blade Surface Pressure Data 

4 4ata points 

3a Detailed Wall Boundary Layer Data 

2 data points 

tta Screening Tests 


A, 4-Stage Configuration with Rotor B and Stator A ' 


1* Preview Data 

15 data points 

2* Stall Determination 

As appropriate 

3. Standard Data j 

4 t.ata points 

4* Blade Surface Pressure Data j 

4 data points 

Ba 4-Stage Configuration with Stator B and Rotor A ! 


(Same Data as 11. A.) 1 

i 


C. 4-Stage Configuration with Stator C and Rotor A 


(Same Data as II. A.) 


D. 4-Stage Conf igurat ion with Rotor B and Stator B : 


(Same Data as II. A. ) 


III. Tests Using Rotor B and Stator B Designs i 


(4-Stage Conf igurat ion, Third Stage as Test Stage) 


1. Same Data as l.B 


2. Rotor Tip Clearance Data 


IV. Testa Using Rotor C and :»t at or B Design* j 


1 

(4-Stage Conf igurat ion, Third Stage *s Test Stage) 


l. Same Data a* t.B 
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Surface Static Pressures Four-Stage Configuration - Third Stage Is 
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Table 7. Blade Surface Static Pressures - Single-Stage Configuration 
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Table 8. Vane Surface Static Pressures - Single-Stage Configuration 
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Table 13. Vector Diagram Parameters for Rotor A/Stator A Four-Stage 
Configuration, Third Stage Tested, Design Point Throttle. 


ftLAPE ELEMENT PAT* ROTOR IN LET TIP SPEED * OS, 52 MPS <20* ,30 FPS) 


IMMER W 
t MPS FPS 
, 6 W. 1T60 e 

2.0 00,0 100 4 

3.0 00. 1 160 9 

4.0 00^6 102 3 

~6vrwrr7$r¥ 

7.0 07.1 107 3 
10.0 07.0 109 0 

10.0 07 .7 169 2 
^0.0“oy^709^T 

30.0 07.0 103 C 
00.0 00.9 103 4 

70.0 04, 9 100 1 
"WHO 33 0 170 0 

00.0 03.2 17^ 3 
90 0 02.0 172 3 

93.0 00 4 1*0 3 
90.0~*49.0 10? 7 

90. 0 49.4 162 1 

97.0 49.4 102 1 

96.0 49.3 16? 3 


WU 

_ HP8 FPfi 

01.9 170. 4 

01.2 167.9 
00.0 100 7 
00.7 16 0,3 
00 ,4 1 G\ 
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00,9 1C7.2 

“SuTeHTGC.o 
00.0 164,2 
49.2 100.3 


BETA 

PFO 

"fbrf 

64.3 

67. 0 

60.0 
'64*76 
63 6 
02.0 
61 .9 


40.0 
40. 1 


100.9 
146.0 
44.4 140.0 
43.9 144.0 
A 1,6 19 9.6 
*41.2 133.3 

41.6 1 ?7. 1 

42.7 1 10.0 
43.6 143.2 


61.2 
60.3 
00. 0 

00 . 6 


20. 1 
91.4 
22.0 
3 

20 3 

20.2 

2 7 0 

2776 SoTV 

26.3 92.9 

29.4 96.4 

29 . 9 93.3 


WTF 

66.0 

70.2 

74.0 

7T 

02.0 
06.0 
06.6 


CZ CU C ALPHA 

HP 8 FP5 MPS FPO MPS FP8 DEO 

To75 5b". m TrHWTTW ,9 71,6 " 3270" 

40.0 23,7 77.6 31.7 

41 ,7 24.9 01.7 30.6 

41.0 2 6.1 00.6 29 2 

39.2 27,9 91.6 20^2 

37.9 20.6 94.0 23.0 

3 7.0 2 9.3 90 .2 22.9 

*3 T7r$r, 

30.0 30.3 99.0 21.0 

30.4 31 .3 102,7 20. 1 

38.0 31 .9 104.6 203 

11.2 36 ! 9 313 102 ! 7 21.0 

11.3 37.1 31,0 101.7 21.4 

13.3 4 3,6 31 .3 102,7 20. 0 

06.1 27.0 90.4 13.0 44.3 30.7 VOOYC S<TO 

07.6 26.4 66.0 12.9 42,2 ?9.3 96.2 20.9 

09 6 24,9 61.7 11.9 30.9 27.6 90.0 20.4 

61.7 23.3 76.5 10.0 30,4 20,7 04.3 24.6 


06.8 
86 0 
06.0 
50.0 


"29.3 *6.1 

29.2 90.9 

26.6 94.7 

26.4 93.0 



BLADE ELEMENT OATA MOTOR OUTLET / STATOR INLET 
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PEG 
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FPS MPS 
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1 .0 tt.2 

125 

4 36.0 116. 1 

70. 1 

12.9 

42.3 

Z? 77 

91.0 30.6 

T66~T~ 


2.0 36.0 

116 

0 32.6 

IOC. 9 

64.6 

10.2 

49.9 

31 .0 

101.6 34.6 

113.4 

63 7 

3.0 35.4 

110 

3 31 .3 

102.7* 

61 .9 

16.6 

04.0 

32,2 

105.7 36.3 

116.9 

62.0 

4.0 34.6 

114 

3 30. 1 

99.7 

59,0 

17 6 

07.7 

33 4 

109 0 37,7 

123 7 

62.1 

8.0 34fT3T 

1 12 

6 29.0 
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57,6 

10.3“ 

60. 1 

34,3 1 12.6 36. 9 127.7 61.7 

7.0 33.3 
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1 26.4 

8C. 6 

62.0 

20.2 

66.2 

36,7 
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1 1 r 
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1 16.6 42.6 
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4" 
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00 4 

79 2 

90 7 

1? 7 

41 7 

31 8 

104 4 
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93 0 

9 
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0 
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00 A 

76 5 

93 4 

12 7 
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31 2 

102 1 

24 0 

~15 6 

'So T 
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3 
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6 
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'34 T~ 

”24 C~ 
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9 
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79 5 
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4 
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Table 14. Vector MnRrnm ParmnetcrH for Rotor A/Stntor A Eour-RtnRC 

Conf iRurntion, Third Stnpe Tested, Peak Efficiency Throttle 


8LAPE ElEMCNT DATA KOTOR INI 


TIP SPEED * 84.67 UPS (SIS. 17 FPS) 


ALPHA 

CEO 


IHHER W WU SETA 02 CO 0 ALPHA 

B HP# FP# HP# FP# DEO HP# FP# HP# FPS HP#_FP# 0EO 

"T. S' 69 8 162 l^:ftTyi rs~T»T%”T*T*~W. » 12 4 46 6 11,00*117 

8.0 #9.7 I #80 88.0 170.7 99. • 80.0 08. B IS. 4 40.0 89.0 77.1 81.0 

9.0 BO. I 104.0 ft!.# 170.4, 07.0 81.1 09.4 18.4 40.0 84.8 00.8 90.4 

4.080.8 189888.1 170.8 07.1 81.# 71.4 18.8 40.0 89.0 81.9 89.8 
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BLADE EtCHENT DATA ROTOR OUTLET / STATOR INLET 


IHHER V 
S HPS 

TTcna* r« 

2.0 01 ♦ 3 
0,0 01 ,4 

4.0 01 .2 


7,0 01 ,6 

10.0 32.7 

1 5.0 04,0 

20.0 06.3 

30.0 06.9 
00. 0 07.2 

70.0 33,2 


63. 0 02.9 

90.0 02.1 

90.0 01 .6 


93.0 31 .7 

96.0 01.9 

97.0 02.0 

96.0 01.7 


WU 9ETA 

FPS HPS FPS PEG 

167 ~6 30.4 99. T 67.4 

102 6 27.6 *1.3 62.3 

103 0 27.0 66.6 39.2 

102 4 26.2 66. 1 37.0 


1 9 2377 64.2 33.6 

100723.3 63.1 30.1 

107.2 23,4 63.0 30.9 

114 0 26.1 6 3.7 46. 6 

119 $“2776 CO . 7 47 , cf 

121.1 27.2 69.2 47.3 

121 9 23.9 63.1 44.1 

1 3 3 23,2 76.2 41 ,2 

10 9 2lT0 7T76 40.1 

106 1 20.6 67.3 06.3 

103 0 19.0 63.3 36.6 

104 316.7 61.2 03.9 


103 9 18.0 6071 03.3 

104 6 16.0 60.0 04.9 

103 1 16.0 CO. 1 04.6 

103 9 16.1 39.3 04.6 


CZ CU C 

HP S FPS HPS FPS HPS FPS 
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J!>, Victor Diagram l*a rami* turn for Rotor A/Htator A l*’ou r—St n>u‘ 

Confl«urnt Urn, Third SLap.a Tented, Peak PreHHuro KIhi* Throttle. 
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CO 3 

24 3 

79.7 

11.7 

36.3 

20. 9 

68.4 

25.0 

95.0 

*49 Z 

161 

4 

43 

.3 

142. 

, 1 

61 .5 

23.4 

76.7 

11.0 

30. 1 

”2578“ 

84.7 

25. 1 

96.0 

*9.2 

161 

5 

43 

. 7 

143 

2 

62.3 

22.7 

74.6 

10.5 

34.6 

25. 1 

82.2 

24.6 

97.0 

49 2 

1C1 

5 

44 

.0 

144, 

4 

63.2 

22. 1 

72.4 

10. 1 

33. 1 

24.3 

79.6 

24.5 

96.0 

49.3 

1G1 

7 

45 

. 1 

146 

, 1 

66. 1 

19.8 

65 0 

0.9 

29, 1 

21,7 

71 .8 

24.1 


BLAOE EtFHrHT DATA ROTPri OUTLET / STATOR INLET 
INMER W WU BETA C2 CU C ALPHA 


S 

MPS 

FPS 

MPS 

FPS 

OFO 

MPS 

FPS 

MPS 

FPS 

MPS 

FPS 

PEG 

1 : o 

29.4 

90 

4 

20. 

4 

ec. 

5 

bS. 

7 

12. 

9 

42. 

4 

50. 

X 

120.9 59.0 128. 1 70.5 

2.0 

28,5- 

93 

0 

24. 

7 

81 . 

0 

59. 

0 

14. 

3 

46. 

9 

30. 

4 

1 20 . 1 

41 . 

0 

134.5 

69.4 

3.0 

J 6 3 

92 

7 

23. 

7 

77. 

8 

56. 

9 

15. 

4 

50. 

5 

39. 

3 

129.0 

42. 

2 

130.5 

08 5 

4.0 

28.4 

93 


23. 

3 

70. 

4 

54. 

9 

16. 

3 

53. 

5 

39. 

7 

130.1 

42. 

9 

140.7 

67.5 

5~6T 

20 , y 

*~£4 

0 

23. 

3X6. 

ir 

54. 

3 

1C, 

6 

54. 

6 

5§~ 

“5~ 

T5X 6" 

XT 

1“ 

T40 . 7 

0776 

7.0 

29.2 

95 

6 

23. 

2 

76 

2 

52. 

5 

17. 

7 

58. 

2 

39. 

4 

129.4 

43. 

2 

141 .9 

65.6 

10.0 

30.0 

100 

2 

23. 

6 

77. 

5 

50. 

5 

19, 

,4 

63. 

6 

38. 

6 

127.1 

43. 

3 

142.2 

63.3 

15.0 

33.0 

108 

4 

25. 

0 

82 

1 

49. 

1 

21 

,0 

70. 

8 

30 

9 

121 .0 

42, 

7 

140.2 

59.5 

207 Cf 

34 . f 

1 14' 

1 

25. 

d 

' 64 ‘ 

5 

47. 

0 

23 

.4 


7' 

“55. 

X 

'T 1 /To 42,6 13979 


90.0 

30.3 

119 

2 

20. 

2 

05. 

9 

40 

0 

25 

.2 

82. 

7 

34. 

3 

112.5 

42, 

,0 

139.6 

53.5 

50.0 

35. 1 

115 

1 

24. 

6 

80. 

7 

44. 

4 

25 

.0 

82 

1 

34. 

0 

111.4 

42 

.2 

136.4 

53.5 

70.0 

31 .4 

102 

9 

21 

1 

69. 

4 

42. 

3 

23 

.2 

76. 

0 

35. 

,5 

110. G 

42 

.4 

139.2 

56.7 

&T(T2 9. f 

91* 

3 

XT 


01 . 

6 

40. 

1 

22 

.2 

72. 

8“ 

XT 

,0 

TT (7T 

^5: 

X 

T4T7X 

58.9 

65.0 

28,0 

91 

7 

17 

,5 

57. 

3 

38. 

5 

2t 

.6 

71 . 

6 

37, 

8 

124.0 

43 

6 

143.2 

59.8 

90.0 

27.3 

89 

6 

16 

. 3 

53 

0 

3G. 

0 

21 

,9 

71 . 

6 

36 

4 

120. 1 

44 

.2 

145.1 

60.2 

93.0 

27.3 

89 

6 

15 

.0 

51 

8 

35 

2 

22 

3 

73. 

2 

36 

7 

127.0 

41 

.7 

14C.5 

59.9 

95.0 

27.7 

Of 

‘o 

15' 

.7 

51 . 

,4 

*34. 

“a 

22 

.9 

75. 

X 

38 

6 

120TT 

44 


14773 


90.0 

26.0 

91 

9 

15 

. 7 

51 . 

7 

34. 

1 

23 

2 

70. 

0 

38 

.5 

1 20 . 2 

44 

.9 

147.3 

56.6 

97.0 

20. 1 

92 

2 

15 

.7 

51 . 

5 

33. 

9 

23 

3 

76. 

5 

38 

.4 

126.0 

44 

.9 

147.4 

58.6 

98.0 

28.4 

93 

1 

10 

.0 

52, 

5 

34. 

2 

23 

.4 

76, 

9 

38 

.0 

124.7 

44 

.7 

146.5 

58.2 


BLAtiC rtEH r NT DATA STATOR OUTLET 

INMtR W WU BETA CZ CU C ALPHA 


S MPS 

r rs 

MPS 

Frs 

DEG 

MPS 

FPS 

MPS 

FPS 

MPS 

FPS 

OEO 

1.7 57.3 

167 

9 

53.4 

1 75 :s 

08.6 

20.7 

67 9 

9.8 

22.2 

XX 9" 


2.0 57.2 

1C7 

7 

52.9 

173. 7 

07.3 

21 .7 

71 .2 

10 2 

33 4 

24.0 

76.7 

23. 1 

3.0 57. 1 

187 

5 

62.5 

172.2 

60 5 

22 G 

74. 1 

10 5 

34.6 

24.9 

81 .6 

25.0 

4.0 57, 1 

187 

5 

52 3 

171 0 

or. . 1 

23 0 

75.4 

10. 6 

34 9 

25 3 

83. 1 

24 7 

" 6 0 67. 1 

U 7 

3 

52. 1 

170.9 

03. 7 

23 4 

~? 6. 6 

xo~~r~ 

XXTXbTT 64 X 

24 8 

7.0 56.4 

18*1 

r 

51 . 1 

167. e 

64 8 

23 8 

78 1 

1 1 0 

37.9 

26.5 

86.8 

25.6 

10.0 55 5 

182 

2 

60 3 

106 0 

64.7 

23 5 

77.3 

12. 1 

39.0 

26 3 

66.6 

27,0 

15.0 55 9 

183 

4 

50 4 

165 3 

64 1 

24 2 

79 5 

11,5 

37 8 

26.8 

66 0 

25.4 

20 0 “50 0 

183 X 

'60 X 1 0 I 2 

03 8 

25 1 

62 3 

1 i .4 

3X5 

IT. 5“ 

90 3 

24 . 5 

30.0 55 6 

163 

0 

49 4 

162 0 

62. 1 

20 0 

65.2 

n.l 

3b 4 

28.2 

92 6 

23. 1 

50.0 54 4 

1 78 

3 

47 5 

156 9 

Op 8 

20 4 

©C 5 

11.0 

36 2 

28.6 

93.6 

22.7 

70 0 51 4 

1 6* 

5 

44 8 

140 8 

CO 4 

26.2 

82.7 

1 1 9 

39. 1 

27 9 

91 3 

25.2 

60.0 *19 9 

103 

7 

43 0 

141 2 

59.4 

252 

62 . 8 1 2 . 7 

41.6 

28 2 

~9?j6 


65.0 49.9 

103 

7 

42 9 

140 9 

59.2 

25 4 

83 4 

12.3 

40.4 

28 P 

92 6 

25.6 

90.0 51 .0 

107 

3 

43.0 

143 9 

59 1 

20 0 

03.4 

10,9 

33.8 

28 2 

92.6 

22.7 

93 0 51 4 

108 

7 

45 1 

147 9 

61 , 1 

24 7 

61 . 1 

9.4 

30 8 

26.5 

66.6 

po. e 

9*.0515 

109 

0 

45 5 

149 3 

CT 9 

24.2 

79.3 

8 8 

X8 8“ 

\5. X 

84 5 

~T9~9 

96.0 51,6 

109 

0 

45, 7 

150.0 

62 4 

23 7 

77.6 

8 5 

27 6 

25 2 

62 6 

19.6 

•7.0 61.6 

108 

6 

46 1 

151 4 

63 5 

22 6 

74 8 

6 0 

26 1 

24. 1 

79 2 

12.2 

96 0 611 

167 

C 

48 3 

156 4 

70 7 

16 7 

54.7 

3.7 

16 8 

17 6 

37 8 

16.9 
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Table In. 


Vector Magram Parameters for Rotor A/Stator A Koui-Stnae 
Configuration, Third Stage Tested, Near Stall Throttle. 


—■» r CtCHg " T °* TA » 0Ta » »w,l £I nr arero . 64 4? mps ( 211.94 fp8> 


IMMCS W WU BETA 

...» ws. _ mps res oro 
» . a tat .» at , 3 Ta§T“ or.e 
8.0 89.4 tat . 0 St.o 107, 2 60 7 

8.0 98.9 ta-j ( St .? toa. t 60. 1 

* ° Rfc.^rTia a 8t .rre rr s rir 

7.0 86.9 t66 a 81.6 169.8 64 « 
0.0 87 t 167 3 51.J 169. 1 04 4 

_18. 0 B?_0_ 106 9 81 


80.0 68.7 198 6 49.4 162. 0 62 2 

80.063.1 174.846.9183.9 61.9 

- 70^0, g. AO 167 2 43 7 1 SO . 0 63 O 

Co.a Tco 6 4^77 _ V.iar^~ g4.o‘ 

65.0 80.4 169 4 46.6 M 9.6 64 6 

90.0 49.9 163 7 45.1 M6.0 Gois 

-?? 0 49.8 16 2 3 44.0 1.16.3 64 1 

§5.6 4fc.2 loTTB 44T8“T4ti79i — 64^T 
9f.O 49.1 161 0 44.3 145.3 64.3 
9. .0 40.9 160 4 44.3 149.2 64 7 
9t,0 46, a 160 0 44.4 149.7 65 . 4 


C2 CU 0 

. .w **— pps mps rps mps res 
20.6 08 . T 1 3 , o *42 ,T~2479 — RTV 

21. a 71.4 13.8 43.525.8 Bale 

1.4 73.6 12.9 42.8 28.9 64.9 

■ |A .4 .... 70.8 12 9 42,2 26.7 6 7.9 

24.1 79.0 12.1 3a!a S7.0 66.5 

24.5 60.9 11,9 39.0 27.3 69.4 

- 88 g 27 .6 90.7 

55 6 26T r 


ALPHA 

DEO 

~ w. r 
81.2 

29.6 

26.6 


64.0 12. 1 
61.6 12.7 


73. 


i ■ y .1 1 . r JW .2 i'5.5 aa R 

22. 1 fst 1 1'6 57n &ry — sttb 

21.5 70 .7 10.6 34,8 24.0 78 . 6 

21.4 70.0 10.6 34.8 23,8 78.2 

|Ai — .JO : 3 lO^g 3 8.8 24.0 76.8 

69.6 10 . S 3573 23.-? — yj~T 

21.1 69.3 10.9 35.6 23.8 77.9 

20.8 68.2 10.6 35.4 23.4 76.6 

20.1 66.0 10.5 34.5 22.7 74 5 


•g S' A * 

39. e 26,5 93.5 

41.6 27.6 61.6 

39.2 2 5, 5 63.6 


"OT7T 

26.7 

25.6 

25.2 


25.1 

26.9 

37,6 



gf.ADE ELEMENT PATA ROTOR OUTLET / STATOR | mi ft 


WU 


IH HER W 

- * MPS W MPS 

1.0 $1 ,>T<V3 ~5 ~$67i 
« 0 31 .3 102 7 27.3 

3.0 31 .0 103 3 ?0.0 

4 0 61.5 103 2 ?C>.0 

^ . 5 3 1 77~f OTIT yfT6' 

7.0 31.6 103 6 24,9 

10.0 32. 1 105 4 24. 7 

15.0 35.9 117 7 20 6 „ 

^0 .0 3775*121 7. 

30. C 36.1 116 5 20.7 67.7 

50 . 0 32 . 1 105422.6 74.7 

70. (• 27,4 69 7 17. 7 57 6 

25 2 ~er?T5X* 50~r 
60 4 14.5 47.5 

60 2 13.8 45.2 

61 O 13^9 45.5 

02~ri4.0 46~70 

62 a 14.7 40.2 

64 1 15.5 50.9 

65 5 165 54.1 


SETA 
TPS OFO 

92:r~6?.sr 

69.6 60.6 

•7.1 57 3 

65. 3 55 G 

8b "6 53 ," 7' 

61.6 52.0 

61,1 50.1 

67.3 47,7 


~657< 

33.0 24 5 


60.0 

63.0 

“6570 


24.4 
24 . 7 
o 


66. O 2*o 2 

67.0 25.6 

66 . 0 20 . 1 



cz 

MPS FPS 
147? 357T 

15.3 50.2 

1 C . 9 33.6 

17.7 58 1 

reT? <H7F 

19.4 63.6 

20.5 07.4 

?4.1 79.0 

2b. 6 azTST 

24.3 76.7 

22.7 74.4 

20 6 66 3 

Vo . i o5~c 

19 6 64.9 

l 0 . 2 60.2 

„20 . 4 67 . 1 

20 . 7 Ch 1) 

20.5 07.3 

20.4 60.9 

20 2 06 2 


C ALPHA 

mps rps mps rps oeo 

^^‘TT675^ 7^ 

36.9 121,1 40.0 131,1 67.3 

3/.C 123.3 41 .2 133.2 63 6 

36^0 124,8 42.0 197.6 64.6 

oa 4 77573T 4^77 " fa 570 — £S""5 

36 6 127.3 43.4 142.3 63.3 

36.7 127.1 43,6 143 6 61 6 

6 1431 

3b . 1 bTX 4~371 1 4T75 — 5TTT 

34.6 114,1 42.4 136.2 54.6 

3C.6 120.6 43.2 141.6 56.2 
40. 0 13 1 , 2 4 3 .1 146.0 62 3 

41.4 1 3 37S~4 o70“T3T7<5 — 6470 

41.7 136 ft 46.2 131 .3 64.3 

41 .9 137.0 40.5 132.7 64 1 

4 LS JJS.4 46.3 152.0 63.0 


4f7? 135 .3 4671 T5TT4 — BTT P 

40.4 132.7 45.3 148.6 6? 9 

39.5 129.7 44.5 146.0 62 5 

08 5 1?G _2 43.4 14? 5 62 1 


eLAnr^firMrNT data stator outlet 


IMMCR W 

* MPS FPS 

1.0 38.4 191 7 

2.0 57.6 189 7 

3.0 57.7 189 3 
4.0 57 r J[e8j9 

6,0*57.9 1 l7o f 

7.0 57.2 167 6 
10. 0 50.7 1 SG 1 

JS C or 1_18> 4 
20.6 5/ 2 16/ / 
30 V 50 O 183 6 
30 o 53.5 1 75 4 

70. O M h 109 1 

60 0 M 3~ ft»o 2 

65 O 510 107 4 

60.0 50.5 105 7 
Jt». (• 50 1 JO 1 3 

6570 49 O 103 5 

66.0 49 / 103 2 
•7.0 49 0 10? G 

66 0 49.9 103 6 


WU 

MPS M*s 

54.3 178 72 
53.1 174.3 
32. 7 172.6 

J’2 2 1 71.? 

5? 2 iTPV 

31 . 3 108.4 
50 0 1 CO . 2 

J*pjr L i on o 

50 . 5 Hib ; 7 
49 ? 101.3 
40 9 153.7 
45 6_15r> | 
4<7? 151, "ft 
40 1 1M | 

4 149 0 
O_t40 6 
4 Pa 14b 3 
44 5 140 1 
44 5 146. 1 
47 6 156.1 


45 
4 1 



C ALPHA 

_ MPS FPS OFO 

5 * 3 . 7~77:i~iTrs~ 

PS 4 63.9 28.9 

20 ? 80.8 28.9 

27 J 63.6 25.9 

"27. 7 * 90 77 — 24TBT 

28 ? 62.4 26.1 

20 C 63.6 ?C,3 

29 ? 95 9 24 9 

>9~4 §1773 2<Po“ 

96.5 24.6 

94.3 26.2 

87. 1 ?o 5 

W.V 

76 3 
•0 t 
6? 0 
“02 7T 

60.6 
79 3 
55 1 
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1 'nble 17. 


H little nn.l 
l’,mr-Sta«e 
Throt tie. 


Vane Element Performance for Kotor A/Stator A, 
ol/mulm., Tit I ril S.mv To*. 


rotor tMAnr. rt t fif.Ni rcm nRMANCF 


IMMCR 

(It) 


1 *0 

2 0 

5.0 

4.0 

5.0 

7.0 

10.6 

15.0 

20.0 
50.0 

50.0 
70. 0 

80. 0 

85.0 
90 0 
93 0 

95.0 
98 0 

97.0 
98 0 


wheel 

SPEED 
NFS EPS 


03 7 
03 C 
03.5 
03 . 4 
G3 3 
03, 1 
Or 9 
or . 4 

01.9 
GO . 0 
59.0 
5/. 1 
56.2 
55. 7 
56.2 
5 1.9 
5 1 7 
5 t 0 
5.1 . 5 
5 » .4 


209 
208 . 
20a 
208. 

so*'. 
2a 7 . 
206 
204 
poo, 
1 99 . 

193. 
1 8 7 . 
184. 
1 8? 
181 
180 
179 
179 
178 
178 


07 

75 

44 

13 

81 

18 

34 

07 
10 
90 

08 
.40 
. 35 
. 08 
; 1 1 

. 17 

.04 
. 33 

3/ 
. 00 


TOR *31 8798 50 


RFL . 

1 OSS * 

URN 1 NO 

('OFF . 

ANOI E 


DEO 


0. 1 

0.012 

3.3 

0.070 

5.1 

0 : 09 1 

G. 1 

0.121 

7.2 

0. 143 

11.1 

0.21 1 

1*2 71 

0; 2/9 

13.7 

0. 1 7 1 

1 3 . G 

0.11V) 

13. 1 

0.061 

15.3 

0.079 

17. G 

0.091 

18.9 

0 . 094 

18.9 

0, 080 

19,8 ~ 

0 .070 

18 9 

- . 014 

19, 7 

. 043 

21 .7 

• . 050 

23.8 

- .046 

20.3 

. 024 

IN. 16. 



l.OSS RFL 0 1 K F . 
PARA. MACH FACT, 
Nd. 

IN 

0.158 0,441 
0.158 0 . 503 

0.TS8 OVfcPf 

0.159 0.545 
0 . 1 GO 0 . 50 1 
O. 104 0.017 
6T”lW670T5 

0.105 0.507 
0,105 0.510 
0. 105 0,477^ 
" 0 . 16? 0 . 40l 
0.157 0 . 500 
0.154 O . 5? 1 
0.153 0 . 526 
0 151 6.535 
O 145 O. 30E 

n . 143 9.500 
(V 142 4.513 
0.142 0.5*4 

o. 142 0 538 


0.010 
0,001 
0 . 083 

o. no 
0.128 
0.1 95 
6 . 302 

0.100 

o. 1 11 

0.070 
0. 075 
0.087 
0.090 
0 . 07 7 
6. 007 

- .013 
~ , 0 14 

- . 048 

045 
. 034 


ri:l. incio, 
MACH ANGLE 
N6.‘ 0£© 

OUT 

0,110 -3.7 

0.103 -s.4 

o.f3? -itt 

0.100 -7.9 

0.098 -8.6 

0 . 095 -9 . 6 

e;5§T-^nnr“ 

0.103 -10.2 
0.109 -10.3 
0.113 -10.0 

~67TTT •TT.'S^ 
0.105 -10.4 
0.101 -10.5 

0 . 099 -11.0 


♦ r_. 

■sTSW^rr-sr 

0.046 -12.4 
0 . 0 '5 -12.1 
O.OM -10.7 
ii;644 

0.093 **G . 7 


DEV. 

ANGLE 

deg~ 

2G ♦ 7 
21 ,4 
T S7S~ 
16.2 
14.3 

9.3 

5,5 

t> , 5 
0.8 
—era - 

6.0 

6.4 

6.8 

677“* 

7.2 

7.2 

6 . 9 

0,9 

6.7 


4 See Figure <0 ana ww ^ — ; 

relative total pressure measurements* 

staior vani Ft.rnrm nmoRMANcr. 


l MME'R 

WHFE1 

AltS. 

% 

srtrro turning 


mi's res 

ANOt E 
OliO 

1 . 0 

tut / .'o>* 07 

37.0 

2 . 0 

c.t n eon /n 

37 . 0 

3. 0 

lUt.S ;*0i'.44 

36 7 

4 . 0 

t.t 1 eon 1 e 

37.0 

5 0 

t a .' 0 7 ni 

37.3 

7.0 

iut 1 eo ’ in 

36 0 

10 0 

».;* >> ; 7 0t> .‘4 

33 9 

13 0 

t, ' .! .'0 1 •»' 

/9 4 

30 0 

t'.i 0 ;'0.t 10 

2 7 1 

30 . 0 

no o inn no 

27. 4 

50 0 

50 0 1 n.t on 

37 7 

70 0 

0/.1 in 7 . -to 

36 4 

80 0 

w .* nt.i 

3 7 4 

65 . 0 

«,*. 1 pi* on 

38 0 

90 0 

oh ;> 1 n 1 1 1 

38 5 

93 0 

r,.i 0 1 no w 

28.4 

95.0 

c.i ; 1 0 S4 

26 0 

96 0 

r»*t 0 1 t 

2 7 8 

97 . 0 

n.i !t 1 ?*. 0 ,' 

2 7 . ,1 

96 0 

54 1 1 M OO 

36 . 3 


APS. 

MACH 

NO. 

IN 

O 038 
o 099 
O. 1 04 
O, 103 

0,111 
1 30 

O 1/2 
O 1/3 

0 1/1 

0.114 

0. 1 4 
O . 1/7 
0 . 1 /* 
0 1 /6 
O I/ 1 
0 1> 
0 1/8 
0 1/ 7 
0.1/7 
O 1/7 


APS. 

MACH 

NO. 

oin 

0 . 058 
(1 . 06/ 

0 06 7 
O 071 
0. 074 
O 0 78 

O 0»'1 
O 06/ 
o o 6*1 

O. 065 
0 . 090 
O 090 
o ivni 
0 . 090 

o . 09 1 

O 064 

0.063 
O . 0 76 
0 , O 70 
0.057 


INCIO. 
ANOl F 
OKO 

4 . 0 
3.2 
?.& 
?. 4 
2 4 
/ 6 
/. 1 
o / 

3.6 

4 5 
1 8 

5 0 
5 , 1 
5 4 
5 6 

5 . 7 
5. 7 
5 6 
3 8 


DEV. 
ANOt I 

oro 

10. 7 
15.4 
14 4 
13 4 
12 6 
12.9 

v«r. 3 

13.6 
13/ 
0.6 
6 0 
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Table 18. Blade and Vane Kloment Performance for Rotor A/Stator A* 

Four-Stage Conf igurat Ion* Third Stage Tested, Peak Efficiency 
Throttle. 
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0.176 
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12.0 
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* See 

Figure 45 end 

Table 12 

for loss 
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8.0 

-7.9 

8.5 


. 0 52 0,141 0 555 0.091 
7055 0.14? 0 559 0.091 
.027 O. 143 0.563 0.090 


relative total pressure measurements. 
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Table 19. 


made and Vane Element Performance ter Rotor A/Stator A, 
Four-Stage Configuration, Third Stage Tented, Peak Pressure 
RIho Throttle. 
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* See Figure 4 r > end Table 12 for loss coefficients computed from 
relative total pressure measurements. 
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TahK» 20. Made and Vane Mement l’erformanee for Rotor A/Stator A, 
Four-Stage Configuration, Third Stage Tested, Near Stall 
Throttle. 
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* See Figure WS and Table 12 for loss coefficients computed from 
relative total pressure measurements. 
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Table 21. DoHlRn Intent Performance for Rotor A/Stator A 
Computed for U^. ■ 63.82 mps (209.38 f ps) . 
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Table 22 . Normalized Absolute Total Pressure. Static Pressure and Flow Angles for Rotor A/Stator 
Si n^le-Stage Conf i juration . 
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Table 24. Vector Diagram Parameters for Rotor A/Stntor A SlnRle-StaRe 
Configuration, Design Point Throttle. 
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Table 25. Vector Diagram Parameters for Rotor A/Stator A Single-Stage 
Configuration, Peak Efficiency Throttle. 
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• Vector Diagram PnrnmeterB for Rotor A/Stator A Single-Stage 
Configuration* Peak ProBBure Rioe and Near Stall Throttle. 
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Table 2 7 . Blade and Vane Element Performance for Rotor A/Stator A, 
Single-Stage Configuration, Design Point Throttle. 
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* See Figure 66 and Table 23 for loss coefficients computed 
from relative total pressure measurements. 
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Table 28, Blade and Vane Element Per i ormanee for Kotor A/Stator A, 
Sini’le-Starto Configuration, Peak Kffielenrv Throttle. 
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Tab 1 1 * 29. blade and Vane Klement Performnnee lor Rotor A/Stator A, 
SJngJe-Stabe Configuration, Peak Pressure Rise and 
Near Stall Throttle. 
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* See Figure 66 and Table 23 for loss coefficients computed 
iron relative total pressure measurements. 
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realized Aosolute Total Pressure, Static Pressure? and Flov Angles for Potor A/Stator 
r-Stage Configuration, First Stage Tested ^Concluded;. 











Table 31, Rotor Loss Coefficients Determined from Relative Total Pressure Measurements 
















Table 32 


Vector Diagram Parameters for Rotor A/Stator A Four-Stage 
Configuration, First Stage Tested, Design Point Throttle. 
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Table 14. Vector Diagram Parameters lor Kotor A/Stator A Four-Stage 
Configuration, First Stage Tested, Peak Pressure Rise and 
Near Stall Throttle, 
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Table 35, Blade and Vane Element Performance for Rotor A/Stator A, 

Four-Stage Configuration, First Stage Tested, Design Point 

Throttle. 
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Four-Stage Configuration, Flint Stage Tested, I’eak 
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